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The  electrical  conductivity,  crystal  structure  and  phase  stability  of  Lao.99Cao.oiNbi_xTax04_5  (x  =  0, 0.1, 0.2, 
0.3,  0.4  and  0.5,  5  =  0.005),  a  potential  candidate  for  proton  conductor  for  solid  oxide  fuel  cells  (SOFCs), 
have  been  investigated  using  AC  impedance  technique  and  in  situ  X-ray  powder  diffraction.  Partially 
substituting  Nb  with  Ta  elevates  the  phase  transition  temperature  (from  a  monoclinic  to  a  tetragonal 
structure)  from  ~520  °C  for  x  =  0  to  above  800  °C  for*  =  0.4.  AC  conductivity  of  the  Lao.99Cao.01  Nb!_xTax04_5 
both  in  dry  and  wet  air  decreased  slightly  with  increasing  Ta  content  above  750  °C,  while  below  500  °C,  it 
decreased  by  nearly  one  order  of  magnitude  for  x  =  0.4.  It  was  also  determined  that  the  activation  energy 
for  the  total  conductivity  increases  with  increasing  Ta  content  from  0.50  eV  (x  =  0)  to  0.58  eV  (x  = 0.3)  for 
the  tetragonal  phase,  while  it  decreases  with  increasing  Ta  content  from  1 .1 8  eV  (x  =  0)  to  1 .08  eV  (x  =  0.4) 
for  the  monoclinic  phase.  By  removing  the  detrimental  structural  phase  transition  from  the  intermediate- 
temperature  range,  consequently  avoiding  the  severe  thermal  expansion  problem  up  to  800  °C,  partial 
substitution  of  Nb  with  Ta  brings  this  class  of  material  closer  to  its  application  in  electrode-supported 
thin-film  intermediate-temperature  SOFCs. 

Published  by  Elsevier  B.V. 


1.  Introduction 

High-temperature  proton  conducting  ceramics  have  numerous 
industrial  applications  such  as  solid  oxide  fuel  cells,  gas  separa¬ 
tion  membranes,  gas  sensors  and  hydrogenation/dehydrogenation 
of  hydrocarbons  [1-3].  Perovskites  containing  Ba  and  Sr  such  as 
Ba/SrCe03  exhibit  state-of-the-art  proton  conductivity  of  about 
0.01  Scm-1,  however,  the  relatively  poor  chemical  and  mechani¬ 
cal  stabilities  in  C02  and  H20  containing  atmospheres  limits  their 
applications  in  the  commercial  market  [4,5].  Recently,  a  new  fam¬ 
ily  of  materials  namely  the  Ca-doped  rare-earth  ortho-niobates  and 
ortho-tantalates  was  reported  by  Haugsrud  and  Norby,  with  max¬ 
imum  proton  conductivity  close  to  10_3Scm_1  for  1%  Ca-doped 
LaNb04_5.  This  represents  the  highest  level  of  proton  conductivity 
in  an  oxide  without  Ba  or  Sr  as  the  main  components;  in  addi¬ 
tion,  these  materials  are  expected  to  show  much  better  chemical 
stability  in  C02  containing  atmospheres  [6-8].  The  relatively  low 
proton  conductivity  requires  that  the  electrolyte  thickness  should 
be  in  the  order  of  fim-scale  to  obtain  an  acceptable  performance 
for  high-temperature  fuel  cell  application.  Recently,  thin-film  fab¬ 
rication  techniques  have  been  successfully  applied  for  fabricating 


*  Corresponding  author.  Tel.:  +1  865  574  5045;  fax:  +1  865  574  4961. 
E-mail  address:  paranthamanm@ornl.gov  (M.P.  Paranthaman). 


Sr  or  Ca-doped  LaNb04_5  thin  films,  which  have  exhibited  the 
potential  for  future  commercial  applications  [9-11].  However,  the 
reversible  phase  transformation  in  LaNb04_5  from  the  monoclinic 
fergusonite  crystal  structure  at  low  temperature  to  a  tetragonal 
structure  at  high  temperature  occurs  at  495-525  °C,  and  is  detri¬ 
mental  to  high  performance  applications  [12,13].  According  to  the 
previous  study,  the  thermal  expansion  coefficient  of  LaNb04_5 
is  strongly  influenced  by  the  phase  transition  from  low  temper¬ 
ature  monoclinic  phase  to  high  temperature  tetragonal  phase. 
Although  the  phase  transformation  in  LaNb04_5  is  considered  to 
be  second  order  in  nature  and  the  volume  change  is  continuous, 
a  discontinuous  change  in  the  line  and  volume  thermal  expan¬ 
sion  coefficients  (TECs)  was  observed,  which  showed  a  value  of 
approximately  17.3  ±  0.5  x  10-6  K-1  for  the  monoclinic  phase  and 
7.1  ±0.7  x  10-6  K-1  for  the  tetragonal  phase,  respectively  [14,15]. 
This  huge  TEC  difference  is  expected  to  lead  to  a  serious  prob¬ 
lem  during  thermal  cycling  of  the  electrochemical  device  with 
Ca-doped  LaNb04_5  as  the  electrolyte. 

According  to  earlier  studies,  the  phase  transition  temperatures 
increase  with  decreasing  radii  of  the  rare-earth  (RE)  cations  in  the 
temperature  range  of  500-830  °C,  which  are  much  lower  than  that 
observed  for  the  iso-structural  RETa04  ( 1300-1450  °C)  [  1 2  ].  There¬ 
fore,  partial  or  full  substitution  of  Nb  with  Ta  offers  a  path  to  change 
the  phase  transition  temperature,  in  order  to  increase  the  temper¬ 
ature  range  at  which  these  materials  will  prove  to  exhibit  a  stable 
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Fig.  1.  XRD  patterns  of  Lao.99Ca0.oiNbi_xTax04_3  phases  obtained  (a)  at  room  tem¬ 
perature  (♦  indicating  the  second  phase)  and  (b)  at  800  °C,  respectively. 

crystal  structure  [12].  Unfortunately,  the  electrical  conductivity  of 
1  mol%  Ca-doped  RETa04_5  (RE  =  La,  Nd,  Gd,  and  Er)  only  exhibited 
a  maximum  proton  conductivity  of  ~3  x  10-4  S  cm-1  for  LaTa04  at 
1 000  °C,  which  is  about  one  tenth  of  the  1  mol%  Ca-doped  LaNb04_5 
at  800  °C  [16].  Hence,  it  is  interesting  to  investigate  the  influence 
of  partially  substituting  Nb  with  Ta  on  the  structural  and  electri¬ 
cal  properties  of  1  mol%  Ca-doped  LaNb04_5,  as  the  ability  to  raise 
the  phase  transition  temperature  may  outweigh  a  slight  loss  in 
conductivity  at  low  doping  levels.  In  this  paper,  we  have  under¬ 
taken  a  systematic  study  of  this  family  of  materials  of  Ca-doped 
LaNbi_xTax04_5  (x  =  0-0.5  in  steps  of  0.1).  We  have  used  in  situ 
high-temperature  X-ray  diffraction  to  study  its  crystal  structure 
and  structural  phase  transition;  and  AC  impedance  techniques  to 
characterize  its  electrochemical  properties  in  order  to  evaluate  its 
suitability  as  an  electrolyte  material  for  high-temperature  electro¬ 
chemical  device  applications. 

2.  Experimental 

All  powders  of  La0.99Ca0.oiNbi_xTax04_5  (x  =  0,  0.1,  0.2,  0.3,  0.4 
and  0.5)  were  synthesized  by  a  conventional  solid-state  reac¬ 
tion  method.  Stoichiometric  amounts  of  dried  La203  (Alfa  Aesar, 
99.99%),  Nb205  (Alfa  Aesar,  99.99%),  Ta205  (Alfa  Aesar,  99.85%) 
and  CaC03  (Alfa  Aesar,  99.9%)  were  mixed  thoroughly  in  an  A1203 
mortar,  then  pelletized  and  fired  at  1150°C  for  lOh,  followed 
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Fig.  2.  Rietveld  refinement  results  obtained  from  the  X-ray  powder  diffraction  data 
for  Lao.99Cao.oiNbo.5Tao.504_5  at  room  temperature. 

by  grinding  using  mortar  and  pestle,  then  fired  at  1250°C  for 
lOh,  with  a  second  regrinding  and  pelletizing  and  finally  firing 
at  1500-1 550 °C  for  lOh.  Phase  purity  and  stability  were  char¬ 
acterized  using  a  Philips  X’pert  Pro  powder  X-ray  diffractometer 
equipped  with  an  X’Celerator  detector,  using  Cu-Ka  radiation 
(A  =  1.5418  A).  All  diffraction  data  analyses  were  performed  using 
the  program  package  GSAS  [17,18]. 

Dense  pellets  were  obtained  with  relative  density  higher  than 
93%  after  sintering  at  1500-1 550 °C  for  lOh.  The  as-sintered  pel¬ 
lets  were  ground  and  polished  to  a  thickness  of  850  pan  using  a  SiC 
paper  for  AC  conductivity  measurements.  Two  symmetrical  porous 
Pt  electrodes  of  diameter  7.0  mm  were  applied  directly  to  both  sides 
of  the  pellets  by  painting  with  two  layers  of  Pt  paint  (Heans  901 )  on 
each  side,  then  dried  and  fired  at  900  °C  for  0.5  h  in  air.  Pt  mesh  with 
Pt  wire  was  placed  on  the  electrode  surface  to  complete  the  electri¬ 
cal  connections.  The  assembled  cell  was  placed  in  a  quartz  reactor 
which  was  supported  in  a  tubular  furnace.  The  air  gas  was  either 
passed  through  the  silica-gel  dryer  directly  (designated  as  “dry”)  or 
humidified  to  ~2.7  mol%  water  content  by  passing  through  a  water 
bubbler  kept  at  room  temperature.  Flow  rates  were  50  ml  min-1 
for  both  dry  and  humidified  air.  A  standard  experimental  proce¬ 
dure  was  followed  in  which  the  cell  was  heated  up  to  850  °C  and 
held  at  this  temperature  for  1 5  h  in  dry  air.  Impedance  spectra  were 
recorded  at  temperature  intervals  down  to  400  °C  in  dry  air.  At 
each  temperature  point,  impedance  spectra  were  recorded  at  1  h 
intervals  until  concurrent  results  were  obtained.  Then  dry  air  was 
switched  to  humidified  air  and  the  cell  was  heated  to  850  °C  again 
and  held  for  another  1 5  h  to  hydrate  the  samples.  The  AC  impedance 
measurements  were  repeated  with  the  same  intervals  and  proce¬ 
dures  in  wet  air.  All  heating  and  cooling  rates  were  5°Cmin-1. 
It  is  noted  that  the  concurrent  impedance  result  (difference  was 
less  than  0.5%)  was  obtained  in  several  hours  after  hydrated  at 
850  °C,  since  the  hydration  of  oxygen  vacancies  is  relatively  slow 
below  800  °C,  requiring  about  one  week  to  obtain  equilibrium  dur¬ 
ing  hydration  at  760  °C  [19].  Impedance  spectra  were  recorded  in 
the  frequency  range  106-0.01  Hz  with  signal  amplitude  of  100  mV 
using  VersaSTAT  4  (Princeton  Applied  Research)  with  an  inter¬ 
nal  frequency  response  analyzer.  ZSimpWin  software  was  used  to 
fit  the  acquired  impedance  data  to  equivalent  circuits.  Depending 
on  the  complex  impedance  plane  plot  shape,  different  equivalent 
circuits  were  used  consisting  of  sub-circuits  of  resistors  (R/)  and 
constant  phase  elements  (Qj)  in  parallel,  denoted  as  (R/Qi).  Above 
600  °C,  the  (Ri  Q.i  )(R3  Q3 )  equivalent  circuit  was  used  since  only  one 
low  frequency  depressed  arc  was  observed.  For  the  temperatures 
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in  the  range  of  550-400  °C,  the  {R\Qi  )(^2 Q2XK3 Q3)  equivalent  cir¬ 
cuit  was  used  due  to  an  intermediate-frequency  arc  emerged  in  the 
impedance  spectrum  clearly. 


3.  Results  and  discussion 

Fig.  la  and  b  shows  X-ray  diffraction  (XRD)  patterns  for  the 
Lao.ggCao.oiNbt^TaxO^  (x  =  0,  0.1,  0.2,  0.3,  0.4,  0.5)  powders  at 
room  temperature  and  800  °C,  respectively.  Note  that  the  oxy¬ 
gen  defect  concentration  (5)  resulting  from  calcium  doping  is 
expected  to  remain  constant  over  all  samples,  at  a  level  of 
0.005  mol  formula-1  unit.  From  the  patterns  obtained  at  room  tem¬ 
perature  shown  in  Fig.  la,  single  monoclinic-phase  powders  were 
obtained  for  x  =  0-0.4,  however,  for  the  composition  x  =  0.5  a  sec¬ 
ond  phase  from  orthorhombic  LaTa04was  observed.  The  results 
were  in  good  agreement  with  previous  reports,  which  showed 
that  it  is  not  possible  to  obtain  phase-pure  powders  in  the  system 
LaNbi_xTax04  without  Ca-doping  for  x  =  0.6  even  after  numerous 
cycles  of  sintering  at  high  temperature  with  intermediate  grindings 
[15].  Also,  qualitative  analysis  revealed  that  the  solid  solubility  lim¬ 
its  exist  somewhere  between  LaNbo.6Tao.4O4  and  LaNbo.5Tao.5O4 
in  the  Nb-rich  LaNb1_xTax04  system  [20].  At  800  °C,  the  low- 
temperature  monoclinic  phase  changed  to  the  high-temperature 
tetragonal  phase  completely  for  the  compositions  where  x<0.3, 
as  shown  in  Fig.  lb.  However,  for  the  x  =  0.4  sample,  the  XRD 
pattern  had  to  be  analyzed  by  considering  a  two  phase  system 
composed  of  monoclinic  and  tetragonal  phases  at  800  °C.  The 
mixture  of  phases  is  due  to  the  fact  that  the  phase  transition 
temperature  is  elevated  to  near  800  °C  from  tantalum  substitu¬ 
tion,  and  the  likelihood  that  there  is  a  slight  temperature  gradient 
across  the  sample  at  this  temperature.  Investigation  to  higher  tem¬ 
perature  reveals  a  single  phase,  indicating  that  the  mixture  of 
phases  at  800  °C  is  not  due  to  compositional  inhomogeneity.  All 
the  X-ray  diffraction  data  at  room  temperature  for  the  compo¬ 
sitions  x<0.4  were  fitted  to  a  monoclinic  fergusonite  structure 
(Space  Group  I  1  1  2/b),  and  at  800  °C  for  x<0.3  to  a  tetragonal 
structure  (Space  Group  1 41  /a).  The  room  temperature  X-ray  diffrac¬ 
tion  data  for  the  La0.ggCao.oiNbo.5Tao.504_5  sample  were  fitted  to 
a  monoclinic  fergusonite  structure  (I2/b)  and  an  orthorhombic 
structure  (A2iam).  Fig.  2  shows  an  excellent  agreement  between 
data  and  model  based  on  a  two  phase  Rietveld  refinement.  The 
relative  proportion  of  the  two  phases  is  around  85%  (weight  frac¬ 
tion)  for  monoclinic  phase  and  15%  for  orthorhombic  phase.  The 
unit  cell  parameters  for  monoclinic  Lao.ggCa0.oiNbi_xTax04_5  at 
room  temperature  were  obtained  from  refinement  and  shown  in 
Table  1.  The  unit  cell  parameters  of  La0.ggCa0.oiNb04_5  are  slightly 
smaller  than  those  previously  reported  by  Jian  et  al.,  following 
the  expected  trend  for  1%  doping  with  the  smaller  Ca2+  cation  in 
the  present  experiment  [15,21,22].  All  unit  cell  parameters  of  the 
La0.ggCa0.oiNb1_xTax04_5  are  plotted  as  a  function  of  Ta  content  in 
Fig.  3,  with  the  exception  of  the  sample  Lao.ggCa0.oiNbo.6Tao.404_5 
at  800  °C;  the  quality  of  the  refinement  in  this  case  was  not  good  as 
the  data  were  collected  during  the  phase  transition.  It  can  be  seen 
that  parameters  b ,  c  and  angle  y  decrease  with  substitution  of  Nb 
for  Ta,  while  parameter  a  increases  accordingly.  The  cell  volumes 
ofLa0.ggCa0.oiNb1_xTax04_5  also  decrease  from  33 1.685  A3  forx  =  0 
to  330.258  A3  for  x  =  0.5.  While  the  ionic  sizes  of  Nb5+  and  Ta5+  are 
expected  to  be  essentially  identical  (tabulated  ionic  radii  are  both 
0.64  A)  [23],  the  change  in  volume  may  indicate  that  the  size  of  the 
Ta5+  is  actually  slightly  smaller  in  this  family  of  materials. 

The  high  temperature  structural  phase  transition  was  inves¬ 
tigated  in  more  detail  for  the  sample  La0.ggCao.oiNbo.8Tao.204_(5 
using  XRD,  the  data  were  recorded  from  room  temperature  to 
800  °C  for  a  20  range  of  10-120°.  The  variations  in  lattice  param¬ 
eter  with  increasing  temperature  are  shown  in  Fig.  4.  The  lattice 
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Fig.  3.  Cell  parameters  calculated  for  the  monoclinic  phase  (a)  and  tetragonal  phase 
(b)  as  a  function  ofTa  content  in  Lao.99Cao.oiNbi_xTax04_5. 


parameter  a  decreases  with  increasing  temperature,  while  the  lat¬ 
tice  parameter  b  increases  (Fig.  4a);  as  a  result  the  a  and  b  axes 
are  seen  to  converge  at  the  phase  transition  temperature  (near 
675  °C).  Similarly,  the  monoclinic  angle  y  asymptotically  increases 
with  temperature  and  approaches  90°  nearing  the  phase  transi¬ 
tion  temperature  (Fig.  4b).  An  estimate  of  the  phase  transition 
temperature  from  Landau  theory,  given  that  the  phase  transition 
is  second  order,  by  plotting  the  square  of  the  monoclinic  strain 
(ah cosy)2  versus  temperature  (Fig.  4c)  [24].  The  data  near  to  the 
phase  transition  follow  a  linear  trend  with  temperature,  allowing 
an  estimate  of  679(13) °C  for  the  transition  temperature  from  a 
least  squares  fit.  From  Fig.  4d,  the  cell  volume  increases  continu¬ 
ously  but  a  different  slope  is  observed  in  monoclinic  and  tetragonal 
phases.  This  indicates  the  thermal  expansion  coefficient  (TEC)  is 
much  different  below  and  above  phase  transition  temperatures. 
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Table  1 

Cell  parameters  for  monoclinic  phase  at  room  temperature,  phase  transition  temperatures  (rtrs)  and  activation  energies  (Ea)  for  Lao.99Ca0.oiNbi_xTax04_5. 


a  (A) 

b  (A) 

c  (A) 

y(°) 

Ttrs  (°C)  fitted  from 
Arrhenius  plots 

Ea  (eV)  for  monoclinic 

Ea  (eV)  for  tetragonal 

x  =  0 

5.555(2) 

5.1982(1) 

11.5139(3) 

85.97(2) 

524  ±10 

1.180 

0.502 

x  =  0A 

5.563(3) 

5.191(3) 

11.506(7) 

85.76(3) 

594  ±10 

1.171 

0.520 

x  =  0.2 

5.572(2) 

5.183(2) 

11.495(5) 

85.54(2) 

672  ±10 

1.130 

0.525 

x  =  0.3 

5.580(2) 

5.176(2) 

11.485(5) 

85.34(2) 

760  ±10 

1.100 

0.585 

x  =  0.4 

5.588(2) 

5.172(2) 

11.479(5) 

85.16(2) 

>800 

1.080 

- 

x  =  0.5 

5.594(1) 

5.167(1) 

11.471(3) 

85.04(2) 

- 

- 

- 

The  calculated  average  linear  TECs  for  monoclinic  and  tetragonal 
phases  are  1 7.5  ±0.2x1 0-6  °C_1  and  9.5  ± 0.1  x  1 0-6  °C_1 ,  respec¬ 
tively.  These  results  are  consistent  with  the  previous  reports  [  1 5  ].  It 
should  be  noted  that  the  data  were  fitted  as  a  two  phase  refinement 
above  600  °C,  including  a  component  of  the  tetragonal  structure. 
The  refined  fraction  of  tetragonal  phase  varied  from  ~10wt%  at 
600  °C  to  ~30wt%  at  675  °C,  near  to  the  transition.  As  the  tran¬ 
sition  temperature  is  approached  a  prominent  peak  anisotropy 
developed,  which  is  readily  observed  by  comparing  the  relatively 
sharp  (0  04)  reflection  (20,  ~30.7°)  and  the  broader  (2  0  0)/(0  2  0) 
reflections  (20,  ~33.2°);  the  anisotropy  indicates  a  greater  spread 
in  lattice  parameters  in  the  ab  plane  than  along  the  c  axis  as  the 
monoclinic  angle  approaches  90°  at  the  transition.  Though  large 


anisotropic  broadening  persists  above  the  transition  there  is  no  vis¬ 
ible  evidence  in  the  data  above  700  °C  for  a  second  phase,  such  that 
the  anisotropic  broadening  may  be  related  to  significant  residual 
strain  in  the  ab  plane  above  the  transition.  The  appearance  of  a 
mixed  phase  region  may  relate  partly  to  a  temperature  gradient 
across  the  sample,  and  also  to  the  clustering  of  niobium  or  tanta¬ 
lum  site  occupancy,  which  on  a  larger  length  scale  may  be  viewed 
as  a  slight  compositional  inhomogeneity.  Nonetheless,  a  clear  trend 
in  increased  phase  transition  temperature  is  observed  with  tanta¬ 
lum  doping,  in  agreement  with  previous  reports  [15].  By  elevating 
the  phase  transition  temperature  of  La0.99Cao.oiNb04_5  to  above 
800  °C  so  as  to  remove  the  detrimental  change  in  thermal  expansion 
coefficient,  the  partial  substitution  of  Nb  with  Ta  (x  =  0.4)  improves 
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Fig.  4.  Variation  of  (a)  a  and  b  lattice  parameters,  (b)  y  angle,  (c)  the  square  of  monoclinic  strain  (abcos  y),  (d)  cell  volume  with  temperature  for  Lao.ggCao.oiNbo.sTao^O^ 
refined  from  in  situ  high-temperature  X-ray  diffraction  data. 
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Fig.  5.  SEM  images  for  surface  morphologies  of  (a)  Lao.ggCao.oiNbo.gTao.i04_a  and 
(b)  Lao.ggCao.oiNbo.8Tao.204_5;  (c)  typical  cross-sectional  views  of  the  fractured 
Pt/La0.ggCa0.oi  Nb04_5/Pt  cell  after  AC  conductivity  measurement. 


the  viability  of  these  phases  for  application  in  solid  oxide  fuel  cells 
operating  at  intermediate-temperatures. 

The  surface  morphologies  of  Lao.ggCao.oiNbo.gTao.iO^  and 
La0.ggCa0.oi  Nbo.8Tao.204_5  sintered  at  1 500  and  1 550  °C  for  1 0  h  are 
selected  and  shown  in  Fig.  5a  and  b.  A  small  amount  of  porosity 
along  the  grain  boundaries  was  observed  at  the  exposed  surface 
for  all  of  the  compositions.  The  average  grain  sizes  were  ca.  3  [xm 
for  all  the  samples.  A  similar  microstructure  has  also  been  observed 


Fig.  6.  AC  impedance  spectra  for  Lao.ggCao.oiNb04_,$  in  wet  air  at  (a)  800  °C  and  (b) 
450  °C. 


for  Ca-,  Sr-  or  Ba-doped  LaNb04  by  Mokkelbost  et  al.  [25].  Typical 
cross-sectional  views  of  the  fractured  Pt/Lao.ggCa0.oiNb04_5/Pt  cell 
near  the  Pt  electrode  side  after  an  AC  conductivity  measurement  is 
shown  in  Fig.  5c.  The  La0.ggCa0.oiNb04_5  is  quite  dense  with  small 
amount  of  no-cross  membrane  pin-holes.  The  Pt  paste  layer  shows 
a  good  porosity  with  a  thickness  of  ~25  |xm. 

The  impedance  spectra  obtained  in  dry  and  humidified  air  at 
different  temperatures  were  modeled  as  an  equivalent  circuit,  and 
resistance  and  capacitance  values  were  extracted  for  the  bulk, 
grain  boundary,  and  overall  electrodes.  Above  600  °C,  only  one 
high-frequency  arc  and  one  low-frequency  depressed  arc  were 
observed.  Below  550  °C,  however,  one  intermediate-frequency  arc 
could  be  seen  clearly.  As  examples,  the  impedance  spectra  obtained 
in  humidified  air  at  800  and  450  °C  are  shown  in  Fig.  6a  and  b. 
Since  the  geometrical  capacitance  of  the  (ftiQ.i)  sub-circuit  (high 
frequency  arc)  was  calculated  to  be  ~10-11  Fern-2,  R t  has  been 
assigned  to  represent  the  bulk  resistance.  For  the  intermediate- 
frequency  arc  (ft2Q2)  that  existed  below  550  °C,  the  capacitance 
value  is  ~10-9Fcm-2,  which  is  around  two  orders  of  magnitude 
higher  than  that  of  bulk;  therefore  R2  has  been  assigned  to  repre¬ 
sent  the  grain  boundary  resistance.  And  for  the  low-frequency  arc, 
the  capacitance  value  is  at  the  range  of  1 0-3  - 1 0-6  F  cm-2 ,  which  is 
from  the  electrode  process.  Similar  AC  impedance  results  about  the 
capacitance  value  involving  high  temperature  proton  conductors 
were  reported  by  Ahmed,  Potter,  and  Gallini  [26-28]. 
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Fig.  7.  Arrhenius  plots  for  the  total  AC  conductivity  of  the  Pt/Lao.ggCao.oi  Nbi_xTax04_,5/Pt  cells  both  in  dry  and  humidified  air  for  (a)  x  =  0  (LCN);  (b)  x  =  0.1  (LCNT-1 );  (c)  x  =  0.2 
(LCNT-2);  (d)x  =  0.3  (LCNT-3);  and  (e)x  =  0.4  (LCNT-4). 


The  total  conductivity  data  from  the  impedance  spectra  of  the 
Lao.ggCao.oiNbt^TaxO^  (x  =  0,  0.1,  0.2,  0.3,  0.4)  samples  versus 
inverse  temperature  in  dry  and  humidified  air  are  shown  in 
Fig.  7.  According  to  the  previous  studies,  the  conductivity  is  pre¬ 
dominantly  ionic  in  air  below  800  °C  for  both  Ca-doped  LaNb04 
and  LaTa04  [7].  From  Fig.  7a-e,  the  total  AC  conductivity  data 
in  wet  air  are  much  higher  than  that  in  dry  air  due  to  the 
fact  that  proton  conductivity  arises  with  incorporation  of  water 
into  the  samples  to  form  hydroxide  species  in  humidified  con¬ 
ditions  [29,30].  A  break  in  the  slope  of  the  total  conductivity 
around  520  °C  was  observed  in  Fig.  7a,  which  coincides  with  the 
monoclinic-to-tetragonal  phase  transition  of  LaNb04_5  [12,14,15]. 
Clearly  the  break  point  in  the  slopes  of  the  total  conductiv¬ 
ity  is  elevated  with  increasing  Ta  content.  It  is  elevated  from 


around  520  °C  for  x  =  0  to  775  °C  for  x  =  0.3.  Flowever,  for  x  =  0.4, 
no  break  was  observed  in  the  slope  of  the  total  conductivity  below 
800  °C,  which  indicates  that  the  phase  transition  temperature  is 
higher  than  800  °C.  All  the  phase  transition  temperatures  of  the 
Lao.ggCao.oiNbi_xTax04_(5  (x  <  0.3)  can  be  obtained  from  the  Arrhe¬ 
nius  plots,  which  are  in  agreement  with  the  XRD  results  very  well, 
as  well  as  for  the  LaNbj_xTax04_5  (x  =  0.2  and  0.4)  without  Ca  dop¬ 
ing  [15].  For  comparison  the  phase  transition  temperatures  (Ttr s) 
of  Lao.ggCao.oiNbj_xTaxO.4_5  were  summarized  in  Table  1.  These 
results  are  promising  in  that  electrochemical  devices  incorporating 
a  thin  film  of  La0.ggCa0.oiNbi_xTax04_5  can  be  operated  without  a 
huge  TEC  change  in  the  intermediate  operation  temperature  range. 
Flowever,  the  conductivities  of  the  series  La0.ggCa0.oiNbi_xTax04_5 
decreased  clearly  with  an  increase  in  Ta  content  (Fig.  7).  For 
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Fig.  9.  Activation  energies  of  monoclinic  and  tetragonal  phases  for 
Lao.9gCao.oiNbi_xTax04_5  as  a  function  of  Ta  content  in  (a)  dry  and  (b)  humidified 
air. 


Fig.  8.  Total  AC  conductivities  of  La0.99Ca0.01  Nbi_xTax04_5  (x  =  0  (LCN);  x  =  0.1  (LCNT- 
1);  x  =  0.2  (LCNT-2);  x  =  0.3  (LCNT-3);  and  x  =  0.4  (LCNT-4))  as  a  function  of  inverse 
temperature  in  (a)  dry  and  (b)  humidified  air. 


comparison,  the  total  conductivities  versus  inverse  temperature 
in  dry  and  humidified  air  are  plotted  in  Fig.  8a  and  b,  respec¬ 
tively.  The  phase  La0.99Ca0.oiNb04_5  exhibited  a  conductivity  of 
3.5  x  10_4Scm_1  in  wet  air  at  850  °C,  while  it  is  little  lower  than 
1.0  x  10-3  Scm-1  inwetH2  [7,8].  With  the  temperature  decreased 
to  500  °C,  the  conductivity  dropped  to  1 .0  x  1 0-4  S  cm-1  in  humid¬ 
ified  air.  For  the  sample  Lao.ggCao.oiNbo.eTao^O^,  no  dramatic 
drop  in  the  conductivity  was  observed  down  to  750  °C,  how¬ 
ever,  below  this  temperature,  the  conductivity  rapidly  decreases 
by  one  order  of  magnitude  as  compared  to  Lao.ggCao.oiNbO^ 
both  in  dry  and  humidified  air.  It  should  be  noted  that  while 
the  conductivity  reported  in  the  present  work  was  based  upon 
measurements  performed  in  air,  the  conductivity  is  expected  to 
increase  with  increasing  hydration  and  decreasing  oxygen  partial 
pressure  [7,8].  In  addition,  it  is  clear  from  the  temperature  depen¬ 
dence  that  there  is  a  distinct  change  in  the  activation  energy  for  the 
total  conductivity  at  the  phase  transition  temperatures,  with  the 
exception  of  the  sample  Lao.99Cao.oiNbo.6Ta0.404_5  which  exhibits 
no  phase  transition.  The  activation  energies  (Ea)  of  the  series 
La0.99Ca0.oiNb1_xTax04_5  for  different  crystal  structures  in  dry  and 
humidified  air  were  calculated  and  plotted  in  Fig.  9  as  a  function  of 
composition.  It  can  be  seen  that  the  Ea  of  La0.99Ca0.oiNbi_xTax04_5 
in  the  tetragonal  phase  slightly  increases  from  0.50  eV  for  x  =  0  to 
0.58  eV  for  x  =  0.3  in  humidified  air.  These  results  are  in  good  agree¬ 
ment  with  values  of  0.57  ±  0.05  eV  reported  by  Flaugsrud  and  Fjeld 


[7,8].  While  for  monoclinic  phase,  the  Ea  decreases  from  1.18  eV 
for  x  =  0  to  1 .08  eV  for  x  =  0.4  in  humidified  air.  The  Ea  values  of  the 
monoclinic  phase  are  higher  than  the  value  of  0.78  eV  reported  by 
Haugsrud  [7,8]  and  smaller  than  the  apparent  activation  energy 
(1.24  eV)  calculated  by  Fjeld  et  al.  [19].  This  may  partly  relate  to 
the  fact  that  the  a.c.  resistance  (lOkFIz)  data  obtained  in  the  pre¬ 
vious  studies  only  included  the  bulk  resistance.  In  the  present 
experiment,  the  conductivity  data  were  calculated  including  the 
resistance  from  both  bulk  and  grain  boundary  contributions.  Addi¬ 
tionally,  Fjeld  et  al.  [  1 9]  have  proposed  that  the  Arrhenius  approach 
used  here  is  not  appropriate  for  the  monoclinic  phase,  and  that 
Ea  rather  increases  continuously  with  decreasing  temperature  in 
conjunction.  The  increase  in  the  activation  energy  is  related  to 
the  increase  in  the  monoclinic  distortion  (i.e.  lowering  of  symme¬ 
try)  associated  with  the  decrease  in  temperature.  Flowever,  results 
here  suggest  that  the  activation  energy,  as  derived  from  an  Arrhe¬ 
nius  model,  decreases  with  increasing  tantalum  substitution  in  the 
monoclinic  phase.  It  might  be  expected  that  stabilizing  the  mono¬ 
clinic  phase  over  a  wide  temperature  range  with  higher  tantalum 
content  would  lead  to  a  higher  activation  energy,  in  analogy  with 
the  temperature  dependence.  In  addition,  the  activation  energy 
of  the  tetragonal  phase  increases  with  increasing  tantalum  sub¬ 
stitution,  despite  the  presence  of  a  monoclinic  lattice  distortion. 
According  to  the  computational  results  reported  by  Fjeld  et  al.  [19], 
the  rate-determining  process  for  migration  of  protons  in  tetrahe- 
drally  coordinated  Lao.ggCao.oiNb^TaxO^  phases  is  the  rotation 
and  hopping  between  two  stable  inter-tetrahedral  proton  sites, 
and  is  largely  confined  to  the  ab  plane.  As  protons  are  bound  to 
oxygen  atoms  the  energies  associated  with  proton  transfer  are 
affected  by  the  distances  between  stable  proton  sites,  which  are 
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Fig.  10.  Bulk  (a)  and  grain  boundary  (b)  resistance  versus  inverse  temperature  of  the 
La0.99Ca0.01  Nbi_xTa*04_a  series  (x  =  0  (LCN);  x  =  0.1  (LCNT-1 );  x  =  0.2  (LCNT-2);  x  =  0.3 
(LCNT-3);  and  x  =  0.4  (LCNT-4))  from  impedance  measurements  in  humidified  air. 

in  turn  affected  by  changes  in  temperature  and  level  of  tanta¬ 
lum  doping.  The  results  of  tantalum  doping  presented  in  this  work 
suggest  that  understanding  the  impact  of  structure  on  the  activa¬ 
tion  energies  should  rely  more  on  a  detailed  analysis  of  distances 
between  proton  sites  than  simply  upon  the  degree  of  lattice  distor¬ 
tion. 

The  bulk  resistance  and  the  corresponding  grain  boundary  resis¬ 
tance  obtained  from  AC  impedance  spectra  below  550  °C  are  plotted 
as  function  of  the  inverse  temperature  and  shown  in  Fig.  10a 
and  b,  respectively.  It  should  be  noted  that  the  bulk  and  grain 
boundary  resistance  data  of  Lao.ggCao.oiNb04_5  at  550  °C  were 
not  shown  in  Fig.  10  since  this  temperature  point  is  above  the 
phase  transition  temperature  (~520  °C).  The  results  show  that  both 
the  bulk  and  grain  boundary  resistance  increase  with  increas¬ 
ing  Ta  content  from  550  °C  to  400  °C.  In  addition,  a  comparison 
between  Fig.  10a  and  b  reveals  that  while  the  bulk  dominates 
the  total  resistance  of  La0.ggCao.oiNbi_xTax04_5  above  500  °C,  the 
total  conductivity  includes  contribution  from  both  bulk  and  grain 
boundary  below  500  °C.  These  results  indicate  that  grain  bound¬ 
ary  resistance  will  not  affect  the  use  of  La0.ggCa0.oiNb1_xTax04_5 
electrolyte  membranes  over  a  temperature  range  from  600  °C  to 
800  °C. 

Overall,  the  phase  transition  temperature  of  Ca-doped  LaNb04_5 
was  successfully  elevated  to  above  800  °C  by  partially  substitut¬ 
ing  Nb  with  Ta,  however,  the  conductivity  decreased  slightly  with 
increase  of  Ta  content  above  750  °C.  In  addition  to  performance, 
the  reliability  of  a  device  is  a  critically  important  consideration 
for  practical  applications,  and  the  development  of  high  durabil¬ 
ity  materials  or  cell  components  is  considered  a  key  technical 


challenge  for  SOFCs.  While  the  proton  conductivity  of  Ca-doped 
LaNb04_a  is  one  order  of  magnitude  lower  than  the  BaCe03-  or 
SrCe03 -based  perovskites,  which  exhibit  a  proton  conductivity 
of  ~10-2Scm-1  at  operation  temperature,  the  perovskites  face 
a  material  limitation  when  operating  under  C02  and  FI20  condi¬ 
tions.  For  Ca-doped  LaNb04_5,  the  long-term  chemical  stability  in 
combination  with  thin-film  growth  techniques  make  it  feasible 
for  electrolyte  application  in  high  temperature  proton  conduct¬ 
ing  fuel  cells,  in  addition  to  other  applications  such  as  hydrogen 
production  and  high  temperature  sensors.  Given  a  power  density 
of  65mWcm-2  was  achieved  with  a  20-|xm  Ca-doped  LaNb04_5 
electrolyte  membrane  using  traditional  SOFC  electrode  materials 
in  Ref.  [10],  the  performance  should  be  improved  by  developing 
a  suitable  electrode  and  using  2-5  [xm  thin  film  electrolyte  mem¬ 
brane.  At  the  same  time,  the  electrolyte  cost  will  be  decreased  by 
using  a  thin-film  as  compared  to  thick  membranes.  However,  as  we 
pointed  out  previously,  the  use  of  thin-film  devices  requires  that 
the  CTE  of  cell  components  should  be  highly  matched.  Partial  sub¬ 
stitution  of  Nb  with  Ta  elevates  the  phase  transition  temperature 
from  520  °C  for  Ca-doped  LaNb04_5  to  above  800  °C  for  Ca-doped 
LaNb0.6Ta0.4O4_5,  which  means  that  no  huge  CTE  change  will  be 
occurred  below  800  °C.  Furthermore,  the  conductivity  of  Ca-doped 
LaNb0.6Ta0.4O4  does  not  differ  greatly  from  Ca-doped  LaNb04_5 
at  operation  temperature  (750-850  °C)  according  to  experimental 
results.  Therefore,  based  on  the  high  phase  transition  tempera¬ 
ture  and  the  slightly  lower  conductivity  observed  in  Ca-doped 
LaNbo.6Ta0.404_(5,  partial  substitution  of  Nb  with  Ta  improves  the 
viability  of  this  family  of  materials  for  use  as  a  thin-film  electrolyte 
in  intermediate-temperature  SOFCs  or  in  high-temperature  elec¬ 
trochemical  applications. 


4.  Conclusion 

La0.ggCa0.oiNb1_xTax04_5  (x  =  0-0.5  in  steps  of  0.1)  phases 
have  been  structurally  characterized  both  at  room  tempera¬ 
ture  and  at  800  °C  using  X-ray  powder  diffraction.  The  results 
showed  that  with  increasing  amounts  of  tantalum  substitu¬ 
tion  up  to  0.4  mole  formula-1  unit  a  pure  monoclinic  phase  is 
obtained  at  room  temperature;  by  x  =  0.5,  the  lower  solubility  of 
Ta  in  the  monoclinic  structure  leads  to  a  two-phase  mixture  of 
monoclinic  and  orthorhombic  phases.  Substituting  Nb  with  Ta 
increased  the  monoclinic-to-tetragonal  phase  transition  temper¬ 
atures  of  the  La0.ggCa0.oiNbi_xTax04_5  from  ~520°C  for  x  =  0  to 
near  800  °C  for  x  =  0.4.  The  conductivity  decreased  slightly  from 
3.5  x  10-4 Son-1  for  La0.ggCa0.oiNb04_5  to  2.3  x  10-4 Son-1  for 
Lao.ggCao.oiNb0.6Ta0.404_5  at  850  °C  in  humidified  air;  however,  at 
low  temperatures,  it  decreased  by  nearly  one  order  of  magnitude. 
In  addition,  while  the  introduction  of  Ta  onto  the  Nb  site  slightly 
increases  the  activation  energy  of  the  tetragonal  phase,  it  decreases 
the  activation  energy  for  the  monoclinic  phase. 
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